A new approach towards the design of gold nanoshells on carboxylated polystyrene spheres (GNCPSs) is reported here. Gold nanoshells were self-assembled on the surface of carboxylated polystyrene spheres by a seed growth method. Chitosan (CHI) was used as a functional agent of carboxylated polystyrene spheres for attaching gold seeds. The surface plasmon resonance (SPR) peak of GNCPSs can be tuned, greatly redshifted, over a broad spectral range including the near-infrared (NIR) wavelength region, which provides maximal penetration of light through tissue. Irradiation of GNCPSs at their peak extinction coefficient results in the conversion of light to heat energy that produces a local rise in temperature. Our study revealed that the Lewis lung carcinoma (LLC) in mice treated with GNCPSs exposed to a low dose of NIR light (808 nm, 4 W cm −2 ) induced irreversible tissue damage. The tumor volumes of the treatment group by GNCPSs were significantly lower than those of control groups, with an average inhibition rate over 55% (P < 0.005). This study proves that GNCPSs are promising in plasmonic photothermal tumor therapy.
Introduction
Near-infrared (NIR) resonant nanomaterials, such as gold nanorods, carbon tubes and some multifunctional magnetic gold nanoshells [1] [2] [3] , have attracted a great deal of interest for promising applications in biomedicine, because optical transmission through tissues is optimal in the NIR region (800-1300 nm). Among these materials, gold nanoshells, composed of silica cores surrounded by a thin layer of gold shells, are one of the most promising photothermal conversion agents. The surface plasmon resonance (SPR) peak of the gold nanoshells can be tuned to the near-infrared (NIR) region [4] . The absorption cross sections of the gold nanoshells are six orders of magnitude larger than those of indocyanine green, making this material a much stronger NIR absorber, and therefore a more effective photothermal coupling agent [5] . In addition, the gold nanoshells are currently being investigated for a variety of biomedical applications including diagnostic tools [6] , contrast enhancements for imaging applications [7] [8] [9] and laser tissue welding [10] .
However, although gold nanoshells on silica spheres and their applications are considered in many reports [11] , the preparations of gold nanoshells on other dielectric cores are relatively lacking and no biological research has been developed up to now. In this work, we demonstrate the potential use of gold nanoshells on carboxylated polystyrene spheres (GNCPSs) as a novel near-infrared (NIR) absorbing agent. Polystyrene spheres as negative dielectric cores are used here because they are monodisperse and allow for facile functionlizations. The higher refractive index of polystyrene, compared to silica, results in a somewhat narrower plasmon resonance absorption peak for gold shells on polystyrene compared to gold shells on silica [12] . This will improve the optical NIR absorbance property of NIR-resonant GNCPSs and enhance their NIR-absorbing efficiency. To the best of our knowledge, it is the first report on the study of photothermal therapy for malignant cancer using GNCPSs in mice. Lewis lung carcinoma (LLC), which was set as a tumor model here, is highly malignant, life-threatening and one of the most difficult cancers to treat. Our studies found GNCPSs could absorb NIR light and generate sufficient increased temperatures to produce irreversible photothermal damage and effectively inhibit the LLC tumor tissue from growth. Besides this, it has been demonstrated that macromolecules and small particles in the size range (60-400 nm) would extravasate and accumulate in tumors [13] via a passive mechanism referred to as the 'enhanced permeability and retention' (EPR) effect [14] . The size of GNCPSs can be easily controlled within the size ranges by adjusting the size of the carboxylated polystyrene spheres, which can enhance the delivery and therapeutic abilities of GNCPSs.
Materials and methods

Materials
Methacrylic acid (MAA, 99.0 wt%) and styrene (99.0 wt%) were used after being distilled in all the preparations. Potassium carbonate (K 2 CO 3 , 99%), sodium borohydride (NaBH 4 , 99%), hydroxylamine hydrochloride (99%), hydrogen tetrachloroaurate (III) hydrate (HAuCl 4 , p.a.) and chitosan (CHI, DD > 90%, Mv = 5 × 10 5 Da) were used as received. HPLC grade water was used in all the preparations and obtained using a Milli-Q water purification system (Millipore, USA).
Synthesis of GNCPSs
As described by Furusawa et al, carboxylated polystyrene spheres (CPSs) of 200 nm in diameter were prepared by emulsifier-free emulsion polymerization using KPS (potassium persulfate) as the anionic initiator [15] . Then, CPSs were modified with CHI. CPSs were dispersed in 0.2 M acetate buffer of pH 3.5 (0.1 g solid content in 30 g solution). A total of 1 ml of 0.1% CHI in 1% acetic acid was added under stirring. After 15 min, the excess polymer was removed in the supernatant fraction after centrifugation. To attach gold seeds on CPSs, the gold seeds were first prepared following the method described by Murphy et al [16] . A 20 ml aqueous solution containing 2.5 × 10 −4 M HAuCl 4 and 2.5 × 10 −4 M trisodium citrate was prepared in a conical flask in an ice water bath. Next, 1 ml freshly prepared 0.08 M NaBH 4 solution was added to the solution while intensively stirring. The resulting gold seeds were about 7 nm. Then, 2 ml of the CHI-CPSs solution (0.1 g solid content) and 20 ml of NaBH 4 -gold aqueous solution were mixed with moderate stirring, leading to the attachment of NaBH 4 -gold colloids on the-NH 2 groups of the CHI-CPSs. The last step was the gold shell growth. In a reaction flask, 10 mg of potassium carbonate (K 2 CO 3 ) was dissolved in 40 ml of HPLC water. After 10 min of stirring, 0.5 ml of a solution of 1 mM HAuCl 4 in water was added. The solution initially appeared transparently yellow and slowly became colorless over 30 min.
To this vigorously stirred solution, 2 ml of the solution containing the gold-attached CPSs (0.01 g solid content) was injected. Then, a 10 μl (0.36 mmol) aliquot of hydroxylamine hydrochloride was injected. Over 2 min, the solution changed from colorless to blue green, which indicated gold shells were formed. The resulted particles were isolated by three cycles of centrifugation and redispersed in PBS buffer (phosphate buffered saline, 100 mM Na 2 HPO 4 /150 mM NaCl, pH 7.4) while the thickness of the uniform gold shell is about 20 nm.
Characterization
The morphology of the composite spheres was visualized by transmission electron microscope (TEM, JEOL-200CX) operated at 160 kV and scanning electron microscopy (SEM, JSM-6301F). All UV-visible-NIR spectra were recorded at room temperature on a Japan JASCO V-570 UV-visible-NIR spectrometer using quartz cuvettes with an optical path of 1 cm. The zeta potential was measured using a Malvern zetasizer 3000HS. H&E photomicrographs of tissue samples were captured on an Olympus BH2 microscope.
In the photothermal conversion experiments, different contents of GNCPSs with a sample shown in figure 1(e) were diluted to 1 ml by PBS buffer in a glass cuvette with a cross section of 1 cm 2 and height of 1.8 cm. The solutions were exposed to an 808 nm diode laser (1.6 W, 200 mm fiberoptic patch cable to a collimating lens, Daheng New Epoch Technology, Inc., Beijing, China). The temperature of the solution was detected with a PT-3S thermo-detector made by Optex Co., Ltd of Japan.
Animal preparation
Although LLC is a tumor of C57bl mice, it could grow in BALB/c mice as well as in c57bl mice with a little immune response, it is likely that genes in different mouse strains are very small. In addition, the tumor was easier to find in BALB/c mice than c57bl mice. So, female BALB/c mice weighing 20 ± 2 g were used here, which were obtained from the Institute of Materia Medica in the Chinese Academy of Medical Sciences and kept in an environment complying with NIH guidelines for the care and use of laboratory animals. All animal procedures were performed following protocols approved by the Institutional Animal Care and Use Committee at the Institute of Biophysics in the Chinese Academy of Sciences. The mice were injected subcutaneously in the right axillary region with 0.2 ml of cell suspension containing 5 × 10 6 LLC cells (purchased from ATCC). The tumor usually appeared 5 d after tumor transplant and grew to approximately 2 g within 2 weeks, and the treatment was performed in day 7 after tumor transplantation. Before laser irradiation, anesthesia was administered intraperitoneally by pentobarbital sodium (40 mg kg −1 ). Following sedation, the overlying hair on the tumor was clipped. The treated mice were housed in separate cages, and observation and measurements were made every 3 days.
15 female BALB/c mice were randomly distributed into three groups: treatment group, laser irradiation group and control group. Each group had five mice. In the treatment group, GNCPSs (100 μl 0.3 mg ml −1 PBS solution for each mouse) were injected locally into the tumors of the mice. Then the tumors were irradiated with NIR light (808 nm diode laser) under a laser power density of 4 W cm −2 for 10 min. In the laser irradiation group, PBS buffer (100 μl for each mouse) was injected locally into the tumors of the mice. Then the tumors were also irradiated with 808 nm NIR light (4 W cm −2 ) for 10 min. The control group only received a 100 μl PBS buffer without any NIR light irradiation.
Measurement volumes of the tumors
The sizes of tumor were measured by caliper (length and width) every 3 days. The volumes of tumor were determined from the formula
where a is the longest diameter and b is the shortest diameter of the tumor [17] .
Calculation of the growth inhibitory rate (IR)
The IR was calculated from the following formula which was used to evaluate the photothermal therapy effects in different groups:
where V 1 is the mean tumor volume in test groups and V 2 is the mean tumor volume in the control group.
Results and discussion
Synthesis of GNCPSs
The preparation of GNCPSs is illustrated in scheme 1. For CPSs (see figure 1(a) ), their surface charges arise from COO (see table 1 ). CHI is a typical natural macromolecule which is generally obtained by extensive deacetylation of chitin, and a polysaccharide widespread in nature. It is an economical and nontoxic biomaterial. Recently, the assembly of CHI/polyanion complexes led to a novel structure of microspheres and microcapsules as carriers to encapsulate cells, proteins or vaccines [18, 19] . In our study, CHI is used as a biocompatible agent to modify CPSs [20] . In pH 3.5 buffer solution, the amino groups of CHI are protonated and the resultant soluble polysaccharide is positively charged. Its polycationic nature leads to strong interactions with CPS surfaces having the opposite negative charge. After modification, the ζ potential of the CPSs was +28 mV. The CPSs with an amino group could coordinate to gold colloids. figure 1(d) ), gold shells appeared thicker with about 15 nm thickness. When 0.5 ml 1 mM HAuCl 4 was added, the gold shells looked more compact and uniform. Figure 1(f) is the SEM image of the same sample from figure 1(e). The corresponding extinction spectra of these samples are given in figure 2 . Gold nanoshells are also attractive because they are facile to be functionalized with a targeting component, such as tumor-specific ligands and monoclonal antibodies which can further enhance their targeting potential.
Tunable optical properties of GNCPSs
The interaction of light with free electrons in a gold nanostructure can generate collective excitations commonly known as surface plasmons. Gold colloids exhibit a strong surface plasmon resonance (SPR) in aqueous media at 520 nm (see figure 2(a) ), while the resonant frequency of a metal particle is known to be dependent on its size, shape, material properties, surrounding medium and proximity to other nanoparticles [21] . Plasmons provide a powerful means of confining light to metal/dielectric interfaces, which in turn can generate intense local electromagnetic fields [22] . Based on Mie scattering theory, the optical properties of core-shell composite nanoparticles could be influenced by the ratio of core and shell and designed in a predictive way [23] . By tuning the ratio of gold shells and dielectric cores, the plasmon resonance band of the gold nanoshells can shift from the visible region of gold spheres to the near-infrared region. This tunability of the plasmon resonance, as we know, is very useful for in vivo biomedical imaging and therapy applications [11] . In our study, as the gold shells become complete, the SPR peak is broadened and remarkably shifts to longer wavelengths (see figures 2(b)-(d)). These spectra correspond to the samples in figures 1(c)-(e). The redshift of the SPR peak could be caused by the LSP (localized surface plasmon)-LSP interaction among gold nanoparticles deposited on the CPSs. This interaction also contributes to the enhancement of the local electric field between gold nanoparticles. GNCPSs with about a 808 nm SPR peak are used here because an 808 nm laser diode is easily available and the 800-1300 nm nearinfrared range is a region of high physiological transmissivity through tissue with scattering-limited attenuation and minimal heating [23] . Figure 3 shows the temperature elevation of GNCPSs in PBS buffer under NIR irradiation. According to this figure, it can be seen that the GNCPSs as a thermal agent could rapidly convert the laser energy into environmental heat, which is due to electron-phonon and phonon-phonon processes [24] . The temperature increases with the increase in the GNCPS concentration and irradiation time. At high concentrations, the temperature can increase over 30
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• C in less than 10 min with a laser power density of 4 W cm −2 . In contrast, the temperature of water without GNCPSs only increases by less than 5
• C. As we know, tumor cells can be killed at 42-43
• C [25] . Tumor tissues injected with GNCPSs can easily be heated to 42
• C in a short time. This photothermal property of gold nanoshells is promising for use as ideal photothermal converters in applications in cancer therapy.
Photothermal therapy in mice
The treatment course was performed every three days. GNCPSs were administered intra-tumorally and the surface temperatures of the mice were monitored during NIR laser irradiation for the mice in the treatment group and laser irradiation group. The surface temperature of the mice in the treatment group increased at least 5
• C on average over the observed period under NIR light irradiation, while in the laser irradiation group, there was no obvious temperature increase observed. Figure 4 shows photos of the mice in the different groups during therapy, where row (a) are photos of the mice in the treatment group. Compared to row (b), the laser irradiation group, and row (c), the control group, it could be concluded that the inhibition effect of GNCPSs on the tumor was obvious. Days 0, 3 and 12 represented the time period from the first therapy. Surface damage was observed in the treatment group due to the rapid temperature elevation and internal explosions in the tumors. Figure 5 represents the antitumor effect of GNCPSs on the LLC model by NIR laser irradiation. Mean values of tumor volumes in each group during treatment are shown in figure 5(a) ; error bars correspond to 95% confidence intervals (n = 5 mice per group). After four courses of treatment, the tumor volumes of the treatment group by GNCPSs were significantly lower than those of the control groups with an average inhibition rate of 55.42% (treatment group versus control group, P < 0.005, at the fourth course of treatment) and no therapy effect in the laser irradiation group. It is worth noting that, in the first three courses of treatment, the tumors of the laser irradiation group are a little smaller than those of the control group. But after four courses of treatment, the tumors of the laser irradiation group became a little larger than those of the control group. This may be due to nonspecific heat stimulation of laser irradiation on LLC. The mouse with the largest volume tumor in each group was euthanized and their tumors were excised (see figure 5(b) ). In figure 5(b) , the therapy effect was significant in the treatment group. It has been assumed that, in photothermal therapy, optical irradiation is absorbed and transformed into heat, inducing thermal denaturing of proteins (and DNAs) in the cell and coagulation of tissue and, consequently, causing irreversible damage to the targeted tissue [26] .
After the mice were killed, the median tumors in each group were embedded in paraffin after being dehydrated in increasing alcohol concentrations and cleared in xylol. Slices of 10 μm thickness were mounted onto glass slides and stained with hematoxylin and eosin (H&E). As can be seen in figure 6 , in the sample of the treatment group, extensive cellular injury was observed and the vessels were injured. Various mechanisms account for heat-induced cell death. The heating process influences DNA polymerase, ligation enzyme and non-histone protein, which blocks DNA synthesis or RNA synthesis [27, 28] . Heat also influences the physical properties of the membrane, especially permeability and fluidity [29] . Heat-induced cell injury was also viewed as a systemic effect, including membrane blebbing, depolymerization of cytoskeletal filaments, thermal inactivation of membrane proteins and mitochondria, or increased production of heat shock proteins, as reported [30] . In contrast, the cells in the laser irradiation and control groups are robust and the vessels are intact. These results prove the treatment is effective by this photothermal therapy.
To preliminarily evaluate the toxicity of GNCPSs, the body weights of the mice in each group were monitored during the whole treatment course (see figure 7) . Comparing the body weight of the treatment group with that of the control group, no obvious change was observed. This, to a certain extent, demonstrates this therapy has no acute fatal toxicity. However, since this is a study in xenograft mice, potential inflammatory reactions may occur in clinical therapy. Besides this, although it has been reported that NIR light can provide a maximal penetration over 10 cm in the human body [31] , there is still a depth limit for ultra-deep tumor therapy by this method unless a catheter-based fiber-optic cable is provided.
Conclusion
In summary, this study demonstrates a new method for GNCPSs self-assembling on the surface of CPSs by a seed growth method, and proves GNCPSs are a new optically active agent due to their strong absorption of NIR light, and thus have the ability to turn NIR laser light into intense heat. The study first reports using GNCPSs to kill the LLC cells in mice. Furthermore, histological examination reveals that tissue damage is in good agreement with experimental findings, making it possible to tailor therapy regimens for complete thermal destruction of tumors in future studies.
